(19) 



J) 




(12) 



(43) Date of publication: 

15.04.1998 Bulletin 1998/16 



Europdisches Patentamt 
European Patent Office 
Off ice europ6en des brevets juj EP 0 836 197 A2 

EUROPEAN PATENT APPLICATION 

(51) IntCI. 6 : G11C 29/00 



(21) Application number: 97116786.1 

(22) Date of filing: 26.09.1997 



(84) Designated Contracting States: 

AT BE CH DE DK ES Fl FR GB GR IE IT LI LU MC 
NL PT SE 

Designated Extension States: 
AL LT LV RO SI 

(3G) Priority: 27.09. 1 996 JP 2561 32/96 

(71) Applicant: 

MATSUSHITA ELECTRONICS CORPORATION 
Takatsuki-shi, Osaka 569-11 (JP) 

(72) Inventors: 

• Shimada, Yasuhiro 
Mishima-gun, Osaka 618 (JP) 



• Nakao, Keisaku 
Souraku-gun, Kyoto 61 9-02 (JP) 

• Inoue, Atsuo 
Otokunl-gun, Kyoto 618 (JP) 

• Azuma, Masamichi 
Otsu-shi, Shiga 520 (JP) 

• Fuji, Eiji 

Ibaraki-shi, Osaka 567 (JP) 

(74) Representative: 

VOSSIUS & PARTNER 
Siebertstrasse 4 
81675 Munchen (DE) 



(54) Method for accelerated test of semiconductor devices 

(57) A method for an accelerated test of semicon- 
ductor devices comprises the steps of determining a ^ y 
relational expression t n = t 2 m between an information I 
holding lifetime i, at a temperature Tj and another life- i 
time t 2 at another temperature T 2 . expressing the expo- | 
nent m as a function of the temperature that is M 
proportional to the Boltzmann's factor, and calculating * 
the information holding lifetime t 2 at the temperature T 2 i 
on the basis of the information holding lifetime tj at the I 
temperature Tj using the relational expression. ^ 
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Description 

The present invention relates to a method for an 
accelerated test of semiconductor devices whose mem- 
ory cell comprises a ferroelectric thin film, wherein an 
information holding life time without power supply is 
evaluated by temperature acceleration. 

Such an accelerated test is useful for evaluating the 
lifetime of a semiconductor device under a certain con- 
dition in a limited period. In the accelerated test an 
excessive voltage supply or an excessive operating 
temperature is applied to the device to be tested. Espe- 
cially, temperature acceleration (an excessive operating 
temperature) is effective for testing the information hold- 
ing lifetime of a nonvolatile memory or the deterioration 
lifetime of a metal junction when an operating voltage is 
not applied. 

In a conventional accelerated temperature test the 
relationship between the Ijfetime t, under a use operat- 
ing condition and the lifetime t 2 under an accelerated 
test condition is defined below using an acceleration 
factor K. 



:Kxt ; 
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The acceleration factor K is given below using an 
activating energy E a that limits a lifetime. 

K = exp(E a /kx(1/T 1 -1AT 2 )). where T 2 >T n (2) 

Here, k is the Bottzmann's constant and the activation 
energy E a is experimentally determined by the temper- 
ature dependence of lifetime. For example, the activa- 
tion energy is given as a gradient of a regression line 
that is fit to the plots of experimental result showing the 
relationship between the logarithm of the lifetime and 
the inverse of the temperature. This is based on an 
assumption that a probability for the reaction dominat- 
ing the lifetime depends on the Boltzmann distribution. If 
two temperatures T<[ and T 2 are given, the acceleration 
factor K is determined directly from the above equation 
(2). 

A variation of a physical quantity I that decreases 
along with elapsed can be expressed as a function of 
temperature and time. As shown in Fig. 7, the logarithm 
of the decreasing physical quantity I varies linearly (i.e., 
proportionally) to time t, and the gradient of the variation 
depends on the temperature. For example, a necessary 
time for the physical quantity I to vary from l Q to I* is t{ 
under a condition of the temperature T 1f and t 2 under a 
condition of the temperature T 2 . The relationship 
between V and t 2 is expressed by equation (1) using 
the acceleration factor K. 

Similarly, when the physical quantity I varies from I' 
to I", the relationship between V and t 2 " is also 
expressed by the equation (1) using the same accelera- 
tion factor K. Thus, the relationship between \, and t 2 
corresponding to the temperature T<i and T 2 can be 



expressed by the equation (1) using the single acceler- 
ation factor K, independently from the decreasing rate 
of the physical quantity. Therefore, even if the lifetime is 
not defined clearly corresponding to a certain value of 
5 the physical quantity, an accelerated stress condition of 
the time t 2 and the temperature T 2 which is equivalent to 
a use condition of the time t-, and temperature T-j can be 
calculated using the acceleration factor K. 

However, some physical quantities such as mag- 
ic? netization in permanent magnets or polarization charge 
in nonvolatile memories decrease linearly to a logarithm 
of time. In this case, the relationship between times t 1 
and t 2 corresponding to the temperatures T 1 and T 2 is 
no longer expressed by equations (1) and (2) using the 
is acceleration factor K. This is further explained below 
using Fig. 8. 

The vertical axis of the coordinate shown in Fig. 8 is 
the decreasing physical quantity I and the horizontal 
axis is the logarithm of time t. In this case, the relation- 
20 ship between i and iog t is linear. Slope of each line 
depends on the corresponding temperature. As shown 
in Fig. 8. U and t 2 have a relationship defined by the fol- 
lowing equation using a proportionality factor m at any 
physical quantity I. 

25 

mx logt 2 =log t 1 (3) 



30 



Therefore, the relationship between V and fe' »s 



(4) 



Thus, V/tj,' = t 2 ' m ' 1 and the relationship between^" 
and t 2 " is expressed in the equation, t 1 " = t 2 Mm * . 
Since t 2 is not equal to 12". the acceleration factor 
35 depends on a the stress time under a certain accelera- 
tion condition. Therefore, in this case, the physical 
quantity such as the lifetime or other measure for 
decrease can be determined only for a certain value m 
by calculating the ratio of log ^ and log t 2 . 
40 An information, i.e., a logic state of a nonvolatile 
memory, is read by a sense amplifier that amplifies the 
differential voltage between a reference voltage and a 
voltage on a bit line after transferring an electric charge 
from a memory cell to the bit line. In this case it is diffi- 
45 cult to determine the exact differential voltage (memory 
window) between the reference voltage and the voltage 
of the bit line whose logic state cannot be discriminated. 
Consequently, the required stress time t 2 for the accel- 
erating temperature T 2 cannot be calculated based on 
50 the use operating temperature T 1 and the stress time tj . 
As a result, it was difficult to perform an accelerated test 
based on a confident decay model. 

The present invention provides a method for an 
accelerated test of semiconductor devices based on a 
55 confident decay model when a decreasing physical 
quantity decreases linearly to the logarithm of time, by 
enabling calculation of a required accelerated stress 
time t 2 for an accelerating temperature T 2 correspond- 
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ing to a use operating temperature T 1 and a stress time 
ti. 

The method of the present invention for an acceler- 
ated test of semiconductor devices comprises the steps 
of determining a relational expression t 1 =t 2 m 5 
between an information holding lifetime t-| (hours) at a 
temperature and another lifetime t 2 at another tem- 
perature T 2 , expressing the exponent m as a function of 
the temperature, and calculating the required informa- 
tion holding lifetime t 2 at the temperature T 2 corre- 10 
spending to the information holding lifetime t t at the 
temperature T 1 using the relational expression. 

It is preferable to express the exponent m as a func- 
tion of the temperature that is proportional to the Boltz- 
mann's constant. This relational expression enables the is 
calculation of the exponent from a temperature condi- 
tion and another predetermined temperature condition 
even if the lifetime is not defined as clearly correspond- 
ing to a value of the decreasing physical quantity. As a 
result, the accelerated stress time at the accelerating so 
temperature condition can be calculated corresponding 
to the stress time at the predetermined temperature, so 
that the accelerated test based on a model following the 
power law of time can be performed. 

It is more preferable to determine an activation 25 
energy E a in Boltzmann's distribution from gradients of 
curves of the physical quantity that varies linearly to the 
logarithm of time under different temperatures, and to 
express the exponent m by the following relational 
expression; 30 

m = exp(E a /kx(1/T 1 - 1/T 2 )), 

where k is the Boltzmann constant and T 2 is greater 
than T<j. By using the exponent m given by the above 35 
expression, a required information holding lifetime t 2 at 
the temperature T 2 can be calculated on the basis of an 
information holding lifetime t-i at the other temperature 
TV 

The preferred embodiment of the present invention 40 
is now explained using the figures. 

Fig. 1A is a graph showing a memorized logical 
state "0" in a hysteresis curve of a ferroelectric 
memory capacitor used in the present invention; 45 
Fig. 1B is a graph showing a memorized logical 
state "1" in a hysteresis curve of a ferroelectric 
memory capacitor used in the present invention; 
Fig. 2 shows an equivalent circuit of a memory cell 
used in the present invention; so 
Fig. 3 is a graph showing variations of a memory 
window with a parameter of temperature; 
Fig. 4 is a graph showing the relationship between 
the variation gradient of the memory window and 
temperature shown in Fig. 3; 55 
Fig. 5 is a graph showing a result of a storing test at 
the temperature T 1( T 2 and T 3 ; 
Fig. 6 is a graph showing the relationship between 
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the variation gradient of the memory window and 

temperature shown in Fig. 5; 

Fig. 7 is a graph showing variations of a physical 

quantity that decreases linearly to time, with a 

parameter of temperature; and 

Fig. 8 is a graph showing variations of a physical 

quantity that decreases linearly to the logarithm of 

time, with a parameter of temperature. 

First, the performance of a ferroelectric capacitor 
constituting a nonvolatile memory used in the present 
invention is explained with reference to the hysteresis 
curves shown in Fig. 1A and 1B. In these figures, 
numeral 1 is the hysteresis curve of the ferroelectric 
capacitor. 

At room temperature, some ferroelectric capacitors 
are supplied with a predetermined pulse voltage to write 
information "0 W or "1 " into each capacitor as shown in 
Fig. 1 A or 1 B. The information is stored in each capaci- 
tor as a remnant charge, and the polarity of the remnant 
charge determines the logical state. A few seconds 
later, a pulse voltage, e.g., a negative pulse is applied to 
each ferroelectric capacitor to read an initial remnant 
charge. If the polarity of the pulse voltage for reading is 
the same as that used for writing the information, a non- 
switching charge Qmn is read as shown in Fig. 1 A. On 
the contrary, if the polarities are opposite to each other, 
a switching charge Qms is read as shown in Fig. 1 B. 

Referring to Fig. 2, it is explained how the switching 
charge Qms and the non-switching charge Qmn are 
used for discriminating information states. Fig. 2 shows 
a basic circuit of a memory cell including two transistors 
and two ferroelectric capacitors. In this figure, numerals 
11, 11 are ferroelectric capacitors, 12, 12 are access 
transistors, 13 is a bit line, 14 is a reverse bit line, 15 is 
a word line, 16 is a cell plate, and 17 is a sensing ampli- 
fier. In this circuit, the logical state "1 * is written into one 
of the two capacitors 11, 11, and the logical state *0" is 
written into the other capacitor. In this situation, the bit 
line 13 and the complemental bit line 14 are set to zero 
potential level, the word line 15 is supplied with a volt- 
age to activate the access transistor 1 2, and a pulse 
voltage is applied to the cell plate 16. As a result, the 
switching charge Qms is generated from the capacitor 
whose logical state is "1 " and transferred to either the bit 
line 13 or the reverse bit line 14, while the non-switching 
charge Qmn is generated from the capacitor whose log- 
ical state is "0" and transferred to the other line 13 or 14. 

A differential voltage is generated between the bit 
line 13 and the complemental bit line 14 due to the 
charge difference between the switching charge Qms 
and the non-switching charge Qmn. This differential 
voltage, which is approximately 100 millivolts, is ampli- 
fied by the sensing amplifier 17 so that the differential 
voltage between the bit line 13 and the complemental 
bit line 1 4 can be discriminated clearly as a logical state. 
Therefore, it is important that there is a difference 
between the switching charge Qms and the non-switch- 
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ing charge Qmn to discriminate logical states. This dif- 
ference value Qms - Qmn is called the "memory 
window". 

If the polarity of the remnant charge has been 
reversed by initial reading, another pulse voltage is 5 
applied for restoring the original polarity. 

Now to explain the present invention in more detail, 
plural ferroelectric capacitors whose remnant charge 
has been evaluated are divided into three groups for 
storing them in three thermostatic chambers, which are 10 
controlled to be at different temperatures, , T 2 and T 3 
(T 3 > T 2 > Tt). After a predetermined time, some ferro- 
electric capacitors are taken out of each group for 
measuring the switching and non-switching charges by 
applying a pulse voltage for reading. After the passing of 15 
another predetermined time, some ferroelectric capaci- 
tors are taken out of each group for measuring the 
switching and non-switching charges by applying a 
pulse voltage for reading. This operation is repeated 
predetermined times or for predetermined hours to 20 
investigate a variation of the memory window at high 
storage temperature. 

Fig. 3 shows an example of the result of a storage 
test under the three temperature conditions mentioned 
above. As shown in Fig. 3, the memory window at each 25 
temperature decreases linearly to the logarithm of the 
storage time. The gradient of the variation line is larger 
when the storage temperature is higher. 

The inventors found that the above mentioned gra- 
dient of the line was proportional to Boltzmann's distri- 30 
button, i.e.. exp(E a /kT), where E a is the activation 
energy for decreasing the memory window, k is the 
Boltzmann's constant, and T is the absolute tempera- 
ture. Therefore, the relationship between the logarithm 
of the gradient and the reciprocal of temperature is sub- 35 
stantially linear when plotting on the logarithm of the 
gradient versus the reciprocal of absolute temperature. 
Then, the activation energy E a can be calculated from 
the gradient of the line corresponding to the relationship 
between the logarithm of the gradient and the inverse of 40 
the temperature. 

In Fig. 3, a gradient ratio m of two lines correspond- 
ing to different storage temperatures T 1 , T 2 can be cal- 
culated according to the following equation after 
obtaining a value of the activation energy E a . 45 

m = exp(E a /kx(1/T 1 - 1/T 2 ), where T 2 > (5) 

If the values of temperatures T 1 and T 2 are given, 
the exponent m can be calculated using equation (5). so 
Thus, the accelerated stress time t 2 at the accelerating 
temperature T 2 can be calculated corresponding to the 
stress time tj at the use operating temperature T-, 
according to the equation (4). As a result, an acceler- 
ated test based on the power law model can be per- 55 
formed. 

In this embodiment, the memory window means the 
charge difference Qms - Qmn between the switching 



charge Qms and the non-switching charge Qmn. How- 
ever, the same result can be obtained if the voltage dif- 
ference between the bit line and the complemental bit 
line is adopted as the memory window. 

The present invention can be applied to various 
types of memory device, not limited to the ferroelectric 
nonvolatile memory having a memory cell with two tran- 
sistor and two capacitor structure mentioned above. If a 
physical quantity corresponding to a memory function 
decreases linearly to the logarithm of time, not depend- 
ing on the configuration of the memory cell, and even if 
the activation energy for decreasing the physical quan- 
tity is different, the testing time for the desired accelerat- 
ing temperature or the accelerating temperature for the 
desired testing time can be calculated on the basis of 
the power law model using the activation energy calcu- 
lated according to the above-mentioned procedure. 

The following explanation is directed to a specific 
example of the present invention. SrBi 2 Ta 2 0 9 thin film 
was used for a ferroelectric material of the ferroelectric 
capacitor used in this example. The size of the capacitor 
was approximately 5x5 square microns. A writing volt- 
age before high temperature storing test and a reading 
voltage for reading the remnant charge was approxi- 
mately 3 volts. Fig. 5 shows a result of the storing test at 
the temperature T-, (75 degrees Celsius, 348 K), T 2 
(125 degrees Celsius, 398 K), and T 3 (150 degrees Cel- 
sius. 423 K). Fig. 6 shows the relationship between the 
temperature and the logarithm of gradient of the mem- 
ory window that can be read from Fig. 5. The activation 
energy E a was calculated from the gradient of the line in 
Fig. 6 as 0.19 electron volts. Using this value of E a , the 
exponent m and the testing time t 2 for several storing 
temperatures T 2 , corresponding to the storing tempera- 
ture T<[ = 75 degrees Celsius and the testing time t 1 = 10 
years, were calculated by the equation (4) and (5). The 
results are shown in Table 1 . 

Table 1 



T 2 (degrees C) 


m 


t 2 (hours) 


75 


1.0 


8.7 x10 4 (= 10 years) 


100 


1.53 


1692 


125 


2.21 


175 


150 


3.07 


41 



As shown in Table 1 , the required storing time t 2 for 
a storing temperature T 2 = 150 degrees Celsius is only 
41 hours corresponding to the condition of T 1 =75 
degrees Celsius and t-j = 10 years, for example. 

The same result can be obtained if a properly 
designed software program or a testing machine includ- 
ing the software program is used for estimating a life- 
time on the basis of the accelerated testing method 
according to the present invention, 
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As explained above, according to the present inven- 
tion, even if the information holding lifetime is not 
defined clearly corresponding to a value of the physical 
quantity such as a holding charge, the exponent m can 
be calculated using a temperature Tj and another tern- 5 
perature T 2 . Therefore, the required stress time t 2 for 
the accelerating temperature T 2 can be calculated if the 
stress time tj for the temperature T 1 is given. Thus, an 
accelerated test based on the power law model can be 
performed. 10 

The invention may be embodied in other specific 
forms without departing from the spirit or essential char- 
acteristics thereof. The embodiments disclosed in this 
application are to be considered in all respects as illus- 
trative and not restrictive, the scope of the invention 15 
being indicated by the appended claims rather than by 
the foregoing description, all changes that come within 
the meaning and range of equivalency of the claims are 
intended to be embraced therein. 

20 

Claims 

1 . A method for an accelerated test of semiconductor 
devices whose memory cell comprises a ferroelec- 
tric thin film, by evaluating an information holding 25 
lifetime without power supply with temperature 
acceleration, the method comprising the steps of: 

determining a relational expression t n = t 2 m 
between an information holding lifetime t 1 at a 30 
temperature T t and another lifetime t 2 at 
another temperature T 2 ; 
expressing the exponent m as a function of the 
temperature; and 

calculating the information holding lifetime t 2 at 35 
the temperature T 2 on the basis of the informa- 
tion holding lifetime tj at the temperature T A 
using the relational expression. 

2. The method according to claim 1, wherein the 40 
expressing step includes expressing the exponent 

m as a function of the temperature that is propor- 
tional to Boltzmann's factor. 

3. The method according to claim 1 or 2, wherein the 45 
expressing step includes determining an activation 
energy E a in Boltzmann's factor from gradients of 
curves of the physical quantity that varies linearly to 

the logarithm of time under different temperatures, 
and expressing the exponent m by the following so 
relation; 

m = exp(E a /kx(1/T 1 - 1/T 2 )), 

where k is Boltzmann's constant and T 2 is greater 55 
than T v 
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(54) Method for accelerated test of semiconductor devices 

(57) A method for an accelerated test of semicon- 
ductor devices comprises the steps of determining a 
relational expression t = t 2 m between an information 
holding lifetime ^ at a temperature T-j and another life- 
time t2 at another temperature T 2 , expressing the expo- 
nent m as a function of the temperature that is 
proportional to the Boltzmann's factor, and calculating 
the information holding lifetime t 2 at the temperature T 2 
on the basis of the information holding lifetime at the 
temperature Tj using the relational expression. 
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